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A single base exchange polymorphism (G894T) in the endothelial nitric oxide (NO) synthase (eNOS) gene results in a glutamate or aspartate, respectively, at position 298 in the eNOS protein. This substitution resembles a conservative or silent substitution that appears to be not located in any functional consensus sequence.
Nevertheless, the 894T allele has been recently associated with hypertension (14) , acetylcholine-induced coronary spasm (25) , myocardial infarction (9, 18) , and increased blood pressure responses to systemic ␣ 1 -adrenoceptor activation (16) . In a study by Wang et al. (23) , there was a trend for a decreased eNOS enzyme activity in eNOS 894T allele carriers by up to 80% of that in GG homozygotes, which was, however, not significant (23) . Together, the presence of an endothelial dysfunction secondary to the eNOS 894T allele is strongly suggested.
Given the obviously silent character of the substitution, the 894T allele was repeatedly suspected to be merely in a linkage disequilibrium with another functional marker, which was, however, ruled out, e.g., for the functional T-786C exchange in the eNOS promoter region (22) .
A recent study (15) demonstrated in human endothelial cells and human hearts that eNOS with aspartate, but not glutamate, at position 298 is cleaved, resulting in the generation of 100-and 35-kDa products (15) . In contrast, immunoblotting of recombinant or native eNOS yielded a single major protein band in the predicted position for eNOS. Thus the eNOS 894T allele leads to the generation of protein products with differing susceptibility to cleavage, suggesting that, in contrast to the prior predictions, this polymorphism has a functional effect on the eNOS protein.
However, the distinct relevance of the 894T allele for the regulation of vasomotor tone, which is characterized by complex interactions of numerous endogenous mechanisms (1, 8) , remains to be further defined. Because recent evidence suggests that adenosine (ADO)-induced vasodilation is partly NO dependent (10, 20) , this study was conducted to assess the impact of the eNOS 894T allele on coronary vasomotor tone at rest and during ADO-induced hyperemia.
METHODS
This study was conducted in accordance with the local ethics committee and the Revised Declaration of Helsinki.
Study population. Ninety-seven consecutive patients undergoing routine diagnostic cardiac catheterization for unclear chest pain were recruited when coronary angiography and intravascular ultrasound examination yielded either no plaques or plaques with Ͻ10% area of stenosis in the entire coronary system. All medication was stopped 24 h before the study. Demographic data are given in Table 1 . Measurements were performed in the left anterior descending (LAD) coronary artery. All participants were Caucasians of German descent from the area of Essen, Germany. All gave written informed consent.
Catheterization procedure. The catheterization procedure was performed in accordance with institutional guidelines. Intracoronary Doppler flow velocity measurements were performed as described previously (2) using a 0.014-in. Doppler guide wire with a 12-MHz transducer (FloWire; Cardiometrics, Mountain View, CA) connected to a console (FloMod, Cardiometrics). In brief, the Doppler guide wire was positioned under fluoroscopic guidance into the midsegment of the respective coronary artery. Great care was taken to ensure a stable position of the Doppler guide wire to obtain an optimal signal for the entire duration of the protocol. All data were stored continuously on a videotape system (S-VHS, Sony; Tokio, Japan) for playback and off-line analysis.
ADO was administered at a dose of 18 g ic as a bolus via a guiding catheter without sideholes. Doppler flow velocity and heart rate were recorded continuously. Average flow velocity (APV) at rest and at the maximum increase of the flow signal with ADO were taken for further analysis. Sysolic, diastolic, and mean arterial pressure (MAP) were determined continuously in the aorta or at the coronary ostium, respectively, via an 8-Fr guiding catheter. Cross-sectional area (CSA) at the Doppler segment, coronary blood flow (CBF), and coronary vascular resistance (CVR) were calculated by off-line analysis (2) .
The coronary flow velocity reserve (CFVR) is expressed as the ratio of APV with ADO to APV at rest; correction of the CFVR for the respective baseline APV (CFVR corr) was performed as reported previously (24) . The coronary flow reserve (CFR) is expressed as the ratio of CBF with ADO to CBF at rest.
Genotyping. DNA was extracted from whole EDTA blood using a standard procedure (QIAmp Blood Kit, Qiagen) according to the manufacturer's recommendations. Genotyping was performed using 5Ј-AAGGCAGGAGACAGTGGAT-GGA-3Ј as the sense primer and 5Ј-CCCAGTCAATCCCTT-TGGTGCTCA-3Ј as the antisense primer. Cycling conditions (Biometra Uno
Statistics. The results are expressed as means Ϯ SE. Data were analyzed using the SPSS software package 8.0.0G by SPSS. Intragroup variations as well as comparisons between groups were performed for continuous variables by Student's t-test; categorial data were compared by 2 -test or Fisher's exact test where appropriate. To test the influence of the 894T allele on CBF parameters, a general linear model was used, including MAP and heart rate, which were correlated with CBF. The P values presented for comparisons between genotypes with respect to CBF parameters were taken from the general linear model. A P value of Յ0.05 was considered to indicate statistical significance.
RESULTS
Genotyping analysis yielded 14 individuals homozygous for the 894T allele (TT), 39 homozygous for the G894 allele (GG), and 44 heterozygotes (TG). The resulting allele frequency for the 894T allele (32%) was much higher than that observed in Japanese individuals (9, 14, 18, 25) ; however, it was comparable with that previously observed in Caucasian subjects (16) . Different genotypes were comparable with respect to their demographic and clinical data ( Table 1) . CFVR, coronary flow velocity reserve; CFR, coronary blood flow reserve; CFVRcorr, coronary flow velocity reserve corrected for the underlying baseline APV as previously reported (18) . P values were taken from the general linear model, as described in METHODS.
CFVR corr (TT: 2.9 Ϯ 0.2; TG: 92.9 Ϯ 0.1; GG: 2.8 Ϯ 0.1, NS; Fig. 3) were not different between the genotypes.
DISCUSSION
CBF at rest. The 894T allele of a single base exchange polymorphism (G894T) in the eNOS gene appears to be associated with impaired endothelial function, because it is associated with hypertension (14), acetylcholine-induced coronary spasm (25) , myocardial infarction (18) , and increased blood pressure responses to systemic ␣ 1 -adrenoceptor activation (16) . This hypothesis is further supported by our present findings on coronary vasomotor dysfunction associated with the eNOS 894T allele, appearently in an allele dose-dependent manner. Because the epicardial vasomotor tone, which is represented by CSA, was not different among genotypes, the coronary vasomotor dysfunction reflects primarily microvascular alterations, reflected by an increased CVR and subsequently decreased APV. Our data further support the concept of a decreased eNOS enzyme activity, which was shown to be reduced by up to 80% in TT homozygotes (23) and could be a result of an increased susceptibility to cleavage of the eNOS protein in 894T allele carriers (22) .
ADO-induced hyperemia. Recent evidence suggests that ADO-induced vasodilation is at least partly NO dependent (10, 20) , although this remains controversial (5). ADO, when administered into the coronary lumen, is expected to enhance the release of NO from endothelial cells via the adenosine 2A receptor (11, 12) , which has been shown to mediate coronary vasodilation (3). In chronically instrumented dogs, endothelial NO release together with the activation of ATP-dependent K ϩ channels contributes to ADO-mediated vasodilation (6) . In contrast, another study by Duffy et al. (7) did not detect any attenuation of coronary flow reserve with N G -monomethyl-L-arginine. Because high amounts of exogenous ADO are capable of overcoming NO-related deficiencies by direct receptor-mediated mechanisms (19) , the findings by Duffy et al. (7) cannot exclude a significant contribution of NO to ADO-mediated vasodilation.
Nevertheless, our data exclude a major influence of the eNOS 894T allele on ADO-induced hyperemia in nonatherosclerotic coronary arteries, because, although APV and CBF tended to be lower and CVR appeared higher in eNOS 894T allele carriers, the differences reached no statistical significance.
Interestingly, CFVR but not CFR or CFVR corr was significantly higher in eNOS 894T homocygotes compared with individuals without the 894T allele. The increase in CFVR does, however, not reflect an increased responsiveness to ADO but rather results from an increased CVR and a subsequently reduced APV at rest. This observation is in accordance with our previous report (18) demonstating that a low baseline APV is the major predictor of an increased CFVR. Thus CFVR corr or CFR rather than the uncorrected CFVR appear appropriate to characterize the dilator capacity of the coronary microvasculature, because they are less dependent on baseline parameters.
Study limitations. Although our results indicate a vasomotor dysfunction secondary to the eNOS 894T allele and, therefore, keep in line with existing reports (9, 14, 16, 18, 22, 23, 25) , several limitations of the present study should be considered. 1) A number of 97 individuals with angiographically excluded coronary artery disease represents a quite large population of such cases. However, the number of included individuals who are homozygous for the 894T allele is still rather small (n ϭ 14). 2) Although all concomitant medication was stopped 24 h before the angiographic procedure and there were no differences regarding concomitant medication between the genotypes, a potential effect cannot be fully ruled out.
In conclusion, although the exact mechanisms remain to be determined and confirmation from further studies is needed, our results indicate a coronary vasomotor dysfunction due to an increased microvascular resistance at rest secondary to the eNOS 894T allele. This effect appears to be allele dose dependent. We could not detect a major role of this polymorphism in ADO-induced hyperemia in nonatherosclerotic coronary arteries.
